Introduction
The shape memory effect (SME) and superelasticity (SE) appear in a shape memory alloy (SMA). The strain of several percents is recovered by heating for the SME and by unloading for the SE. These characteristics occur due to the martensitic transformation (MT) and its reverse transformation. A brain spatula or a brain retractor is used as an instrument in a surgical operation of a brain. This instrument is used to hold the opened state of the brain during the operation of the cerebral tumor which is located in the inner part of the brain. The brain spatula is used in the bent form, fitting it to the shape and depth of each patient's brain. After the operation, the brain spatula is struck with a mallet to recover the original flat plane followed by the treatment in a sterilizer by heating and is used again thereafter. The main material used to the existing brain spatula is copper. Since the irrecoverable unevenness appears on the surface of the brain spatula after the use, it is disposed after using several times. If the SMA is used for the brain spatula, the brain spatula used in the bent form regains its original flat shape automatically based on the SME through the treatment of sterilization by heating in the autoclave. Therefore, since the SMA-brain spatula not only saves time to strike with a mallet to regain the original flat shape but also recovers its original shape automatically, the appearance of the uneven plastic deformation is inhibited and the spatula can be used times out of number. The TiNi SMA products made by the precision casting utilizing the lost-wax process from a self-combustion high-temperature synthesis method have been newly developed in Yoshimi et al [1] . The brain spatula needs various shapes corresponding to the brain of each patient. TiNi SMA is very hard to form the complex shape of the products. The TiNi SMA-brain spatula with complex shape can be easily produced by the precision casting.
In the present paper, in order to develop the SMA-brain spatula, the stress-strain relations of the new casted TiNi SMA, the conventional rolled TiNi SMA and the copper used for the existing brain spatula were examined by the tension test. The fatigue properties of the materials which are very important in the practical cyclic use were also investigated.
Experimental Methods

Materials and specimen
The materials used in the experiment were the new casted Ti-49.7at%Ni SMA, the conventional rolled Ti-50.0at%Ni SMA, and the existing copper brain spatula. The new casted SMA was made by the precision casting utilizing the lost-wax process from a self-combustion high-temperature synthesis method [1] . A flat plane of the rolled and the casted SMA was shapememorized by fixing in a flat plane for 40 min at 753 K in the furnace followed by quenching in water. The starting and finishing temperatures of the MT M s and M f and those of the reverse transformation A s and A f of the SMAs were obtained from the DSC (differential scanning calorimetric) test. The values obtained were M s = 326 K, M f = 312 K, A s = 342 K, A f = 365 K for the rolled SMA and M s = 358 K, M f = 283 K, A s = 314 K, A f = 386 K for the casted SMA. The specimens used in the tension test were the uniform rectangular bars with a thickness of t = 1.0 mm, a width of w = 1.2 mm and a length of l = 160 mm for the rolled and casted SMAs, and t = 1.0 mm, w = 8.5 mm and l = 140 mm for the copper. In the fatigue test, all specimens were the bars with t = 1.0 mm, w=1.2 mm and l = 80 mm.
Experimental procedure
The tension test was carried out under a constant strain rate in air at room temperature below the M f point of the SMA bars. The SMA bars with the residual strain were heated up to temperatures above the A f point under no load. The pulsating-plane and alternating-plane bending fatigue tests were carried out in air at room temperature. Every specimen was fractured in the central part of its length between grips where the bending strain takes the maximum value.
The maximum bending strain m of the surface on the specimen was obtained from the radius of curvature at the point of fracture. The frequency f was 3.33 Hz (200 cpm).
Tensile Deformation Properties
The stress-strain curves of the copper, the casted and rolled SMAs obtained from the tension test under a strain rate of d /dt = 2 10 -4 s -1 are shown in Fig. 1 . As can be seen in Fig. 1 , the linear elastic deformation occurs in the initial loading stage and the yielding occurs thereafter. The modulus of elasticity E determined from a slope of the initial stress-strain curves is E = 40 GPa for the rolled SMA, E = 54 GPa for the casted SMA and E = 95 GPa for the copper. Approximating the elastic and yield regions of the stress-strain curves by two straight lines, the yield stress y was determined from an intersection of two lines. The yield stress was y = 68 MPa for the rolled SMA, y = 168 MPa for the casted SMA and y = 240 MPa for the copper. In the case of the copper, the deformation above a strain of 0.2 % occurs due to the plastic deformation associated with dislocations. Therefore, in the unloading process from a strain of 4 %, strain is recovered by 0.25 % due to the elastic deformation and the residual strain appears as the permanent strain. In the case of the SMAs, since the material is in the M-phase at room temperature below the M f point, the yielding occurs due to the rearrangement of the M-phase. In the unloading process from a strain of 4 %, strain is recovered by 0.6 % and 0.8 % for the rolled and the casted SMAs, respectively, and the residual strain of 3.4 % and 3.2 % appears after unloading.
The relationship between strain and temperature of the casted and rolled SMAs obtained from the tension test with unloading followed by heating under no load is shown in Fig. 2 . In the heating process under no load, strain starts to be recovered gradually around A s and disappears perfectly around A f . The SME to show this strain recovery occurs due to the reverse transformation from the M-phase to the parent (austenite) phase. 
Bending Fatigue Properties
The relationship between the maximum bending strain m and the number of cycles to failure N f obtained from the pulsating-plane bending fatigue test for the casted and rolled SMAs and the copper and that obtained from the pulsating-plane and alternating-plane bending fatigue tests for the casted SMA are shown in Figs. 3 and 4 , respectively.
In Fig. 3 , the larger the m , the smaller the N f for all materials. The fatigue life of the rolled SMA is longer than that of the copper by 100 times. The fatigue life of the casted SMA is longer that of the copper by 40 times. The fatigue life of the copper is two thousands cycles at m = 2 %. In the case of the copper, the yield strain is caused by the slip of crystals and the plastic deformation occurs repeatedly, resulting in the short fatigue life. In the case of the SMAs, the yield strain is caused not by the permanent slip but by the recoverable rearrangement of the Mphase, resulting in the long fatigue life. In the case of the casted SMA, as observed in Fig. 1 , the yield stress is higher than that of the rolled SMA, resulting in the shorter fatigue life than the rolled SMA. In the case of a TiNi SMA wire the lower the frequency, the longer the fatigue life in Tobushi et al [2] . The frequency of the SMA-brain spatula in the practical use should be lower than f =3.33 Hz. Therefore, the fatigue life in the practical use must be longer than that obtained in the present study.
In Fig. 3 , the fatigue life curves of all materials in the low-cycle fatigue region can be approximated by the straight lines. Since the relationships between m and N f can be expressed by the straight lines on the logarithmic graph, the relationship can be expressed by a power function similar to the fatigue life for the TiNi SMA wires and tubes [2] as follows plane bending is shorter than that in the pulsating-plane bending. The dissipated work in each cycle of the alternating-plane bending is larger than that in the pulsating-plane bending. The fatigue damage is greater in the alternating-plane bending, and therefore the fatigue life in the alternating-plane bending is shorter than that in the pulsating-plane bending.
Conclusion
In order to develop the SMA-brain spatula, the mechanical characteristics of the TiNi castedand rolled-SMAs and the copper used for the brain spatula were compared based on the tensile deformation properties. The fatigue properties of these materials were also investigated by the bending fatigue test. The results obtained can be summarized as follows.
(1) The modulus of elasticity and the yield stress for the casted and rolled SMAs are lower than those for the copper. Therefore, the conventional rolled-SMA spatula and the new casted-SMA spatula can be bent easily compared to the existing copper-brain spatula. (2) With respect to the pulsating-plane bending fatigue, the fatigue life of both the copper and the SMAs in the region of low-cycle fatigue is expressed by a power function of the maximum bending strain. The fatigue lives of the conventional rolled and the new casted SMAs are longer than that of the existing copper. The fatigue life of the new casted SMA in the pulsating-plane bending is longer than that in the alternating-plane bending. 
